ABSTRACT The Formosan subterranean termite, Coptotermes formosanus Shiraki, was studied for its ability to suppress two entomopathogenic bacteria, Bacillus thuringiensis subspecies israelensis (Bti) and thuringiensis (Btt). Different group sizes (50, 25, 10, and no termites [control]) of C. formosanus were placed on well-grown Bti or Btt agar plates. On day 1, the diameters of Bti and Btt colonies in the three treatments containing termites were signiÞcantly smaller than in the controls. The diameters of Bti and Btt colonies in the 50-termite treatment were signiÞcantly smaller than in the 10-termite treatment. However, neither was signiÞcantly different from the 25-termite treatment. This group sized dependent suppression was even more distinct on day 2. On day 5, inhibitory zones were observed in all three treatments containing termites where Bti or Btt colonies originally grew. The Bti and Btt cells from these inhibitory zones regenerated on new plates after transfer from 25-and 10-termite treatments as did the controls, but no regeneration was observed after transfer from 50-termite treatment. Results show that the presence of C. formosanus can suppress the growth of Bti and Btt and the suppression effect enhanced with increased of group size. Moreover, antagonistic tests show that natural bacteria carried by termites play a role in the suppression of Bti and Btt.
The Formosan subterranean termite, Coptotermes formosanus Shiraki, is one of the most destructive pests in the world. It has been estimated that, in 11 U.S. states, the combined damage repair and control cost of C. formosanus was Ͼ1 billion U.S. dollars each year (Suszkiw 2000) . Currently, two principle methods are widely used for control: 1) slow-acting toxic baits to eliminate termite colonies, and 2) liquid insecticide treated soil as chemical barriers to prevent termites from attacking wood (Henderson 2001, Rust and . However, insecticides may pose unintended threats to nontarget organisms and water resources (Jayasimha and Henderson 2007a) .
Biological control may provide long-lasting and environmental friendly technologies for the control of C. formosanus, but termites are resistant to microbial pathogens. Currently, most research is focused on entomopathogenic fungi. Three mechanisms account for fungal resistance by termites include: 1) immune responses to infection, 2) synthesis of antifungal molecules, and 3) behavioral responses that prevent fungal epizootics (Chen et al. 1998; Bulmer and Crozier 2004; Rosengaus et al. 2007; Chouvenc et al. 2009; Yanagawa et al. 2008 Yanagawa et al. , 2009 Yanagawa et al. , 2010 Chouvenc and Su 2012) . Moreover, Jayasimha and Henderson (2007b, and c) found that fungi isolated from C. formosanus show antagonistic effects against brown rot fungus, Gleophyllum trabeum (Pers.) Murrill. Although G. trabeum is not pathogenic to termites, it does compete for cellulose.
Few studies have focused on the interaction between termites and entomopathogenic bacteria. Bacillus thuringiensis Berliner, a well-known biological control agent, has been evaluated against termites (Smythe and Coppel 1965 , Grace 1997 , Khan et al. 2004 , Singha et al. 2010 . Laboratory studies show that B. thuringiensis subspecies thuringiensis (Btt) was toxic to Reticulitermes flavipes Kollar, R. virginicus Banks, R. hesperus Banks, and Zootermopsis angusticollis Hagen (Smythe and Coppel 1965, Khan et al. 2004 ). Singha and Dutta (2010) reported that B. thuringiensis subspecies israelensis (Bti) was effective against Microtermes obesi Holmgren and Microcerotermes beesoni Snyder. Our previous research also showed that C. formosanus exposed to MosquitoDunk (Summit Chemical Company, Baltimore, MD), which contains 10.31% Bti, had higher mortality and lower tunneling activity when compared with termites exposed to autoclaved dunks, indicating that C. formo-sanus was negatively affected by this bacterium (unpublished data).
In this study, Bti and Btt were used as models to study the ability of C. formosanus to suppress entomopathogenic bacteria and how termite associated bacteria are involved in this process. Termite exposure bioassays were conducted to study: 1) whether C. formosanus can suppress the growth of Bti and Btt; and 2) whether the different group sizes of termites inßuence the suppression ability. Moreover, antagonistic tests were used to study whether bacteria associated with C. formosanus contribute to the suppression of Bti and Btt.
Materials and Methods
Termites. Two colony groups of C. formosanus were collected from Brechtel Park, New Orleans, LA, on 14 February 2012 using milk crate traps as described in Gautam and Henderson (2011a) . Both colony groups were kept in 140 liter containers with wet pine wood (Pinus sp.) in the laboratory for Ϸ3 mo before testing.
Bti and Btt. B. thuringiensis subspecies israelensis strain HD735 (ATCC 10792 T ) and thuringiensis strain HD522 (ATCC 35646) were provided by Daniel Zeigler (Bacillus Genetic Stock Center [BGSC], Department of Biochemistry, Ohio State University, Columbus, OH). Spores of two B. thuringiensis subspecies were stored on Þlter paper discs sealed in aluminum foil packets and kept at room temperature. Before testing, Þlter paper discs with Bti or Btt spores were placed on Luria-Bertani (LB) agar plate and incubated at 30ЊC for 24 h. A single colony of Bti or Btt was picked from the incubated plates and transferred to a new tube containing 1 ml sterile LB broth. Then these tubes were incubated at 30ЊC for 10 h with shacking (200 rpm) for inoculating the bioassay.
Bioassay Arena. Bioassay arenas were petri dishes (100 by 15 mm) containing 20 ml LB agar medium.
Four colonies of Bti or Btt were inoculated on each agar plate using a sterile inoculating needle. Colonies were uniformly distributed on the agar plate (Fig. 1A ). The agar plates were then incubated at 30ЊC for 30 h and plates with Bti or Btt colonies of similar size were selected for the study.
Experimental Set Up and Maintenance. Both of Bti and Btt experimental groups contained four treatments. There were 50, 25, 10, or no termites (control) placed on each agar plate (colony group 1: 90% workers and 10% soldiers; colony group 2: 100% workers, according to their collected colony structures). There were 12 replicates in each treatment (six replicates for each colony group). The agar plates were covered with black poster paper to block light and maintained at room temperature (23.5 Ϯ 0.5ЊC).
Bti and Btt Colony Growth Observations. To compare the Bti or Btt growth between the four treatments, diameters of bacteria colonies were measured with a digital caliper (Carrera Precision) once per day until the edge of Bti or Btt colonies became unclear (Fig. 1B) . For regularly shaped colonies, two measurements were acquired from each colony horizontally and vertically, then averaged (Fig. 1C) . For irregular colonies, diameters were recorded as the average of the longest and shortest axis (Fig. 1D) .
Viability Test. To estimate the viability status, on days 1 and 5 , six Bti or Btt colonies were randomly selected from the twelve agar plates of each treatment (three colonies from agar plates containing each termite colony group). A sterilized tooth pick was inserted into the center of Bti or Btt colonies. Then a straight line (Ϸ6 cm long) was drawn on a new agar plate (test plate) with the inoculated tooth pick so that the dominant bacterium would grow. The test plates were incubated at 30ЊC for 24 h. The viability of Bti or Btt was conÞrmed if they regenerated on the test plates, which was identiÞed by colony growth characteristics and SchaefferÐFulton staining (Laridon 2006). Other bacteria species growing on the test plates indicated substitution of dominance and loss of Bti or Btt viability. These new bacteria, which brought into the agar plates by C. formosanus, were subcultured to obtain pure cultures. Five bacteria strains with different colony color and shape characteristics (compared with Bti and Btt) were obtained.
Antagonistic Test. Additional tests were conducted to further study the possible antagonistic effect of bacteria naturally associated with C. formosanus against Bti and Btt. A single colony of the Þve bacteria strains isolated in the viability test as well as Bti and Btt were individually picked, transferred to 1 ml sterile LB broth and incubated at 30ЊC for 24 h with shaking (200 rpm). One hundred microliters of Bti or Btt broth was added onto each LB agar plate and spread evenly. A piece of autoclaved (121ЊC for 30 min) Þlter paper disc (7.5 mm, excised using a 7.5-mm-diameter hole puncher) was gently placed at the center of each agar plate with sterile forceps. Ten microliters of broth of one of each Þve bacteria strains was pipetted, and added onto the Þlter paper disc on the agar plate. For controls, 10 l sterile LB broth was added onto the Þlter paper disc. The agar plates were then incubated at 30ЊC for 24 h. Antagonistic effects against Bti or Btt was determined if an inhibitory zone was observed around the Þlter paper disc. Diameters of inhibitory zones were measured with a digital caliper. Each inhibitory zone was measured twice (horizontally and vertically for circular inhibitory zones or largest and smallest for irregular shaped inhibitory zones) and measurements were averaged. The antagonistic test of each bacterium against Bti or Btt was repeated three times.
Identification of Antagonistic Bacteria. Bacteria that inhibited the growth of Bti or Btt were identiÞed by 16S rRNA gene sequencing. Template DNA of antagonistic bacteria strains for polymerase chain reaction (PCR) was prepared using DNeasy blood and tissue kit (Qiagen, Valencia, CA). A pair of universal bacterial 16S rRNA gene primers, 5Ј-AGA GTT TGA TCC TGG CTC AG -3Ј (27 F), and 5Ј-TAC GGC TAC CTT GTT ACG ACT T -3Ј (1492R), were used for ampliÞcation of 16S rRNA gene fragments (Lane 1991) . PCR was performed in a 20 l volume of AccuPower PCR PreMix (Bioneer, Chungwon, Korea) with 1 l of template DNA and 10 pmol of each primer as follows: initial denaturation at 95ЊC for 5 min, followed by 35 cycles of 95ЊC for 1 min, 55ЊC for 1 min and 72ЊC for 1.5 min, and a Þnal extension step at 72ЊC for 10 min. The ampliÞed 16S rRNA gene fragments were sent to EuroÞns MWG Operon (Huntsvile, AL) for bidirectional sequencing using primers 1492R and 27 F. Derived sequences were aligned and compared with the GenBank database through BLAST (Basic Local Alignment Searching Tool; Altschul et al. 1990 ). The exact species match was assumed if the sample showed Ͼ99% similarity to the published sequence of identiÞed species in the database (Lee et al. 2008 , Husseneder et al. 2010a .
Data Analysis. Diagnostics plots in SAS 9.3 (SAS Institute, Cary, NC) were used to verify the assumptions of independent and normal distribution of data. Then SAS PROC MIXED was used to analyze the diameters of Bti or Btt colonies in each observation period if the termite colony effect was not signiÞ-cant. Otherwise, the data of the two termite colonies was analyzed separately using PROC GLM or PROC TTEST (two samples). Post analysis of variance (ANOVA) comparisons were performed using TukeyÕs honestly signiÞcant difference (HSD) test. In all tests, ␣ ϭ 0.05.
Results
Suppression of Bti and Btt Growth by C. formosanus. In general, before placement of termites (day 0), there was no signiÞcant differences in the diameters of Bti or Btt colonies between the four treatments (Bti: F 3, 92 ϭ 0.05, P ϭ 0.9854 for termite colony 1; and F 3, 92 ϭ 1.11, P ϭ 0.3511 for termite colony 2; Table 1 ; Btt: F 3, 92 ϭ 1.59, P ϭ 0.1965 for termite colony 1; and F 3, 92 ϭ 0.85, P ϭ 0.4689 for termite colony 2; Table 2 ). Colony effect was signiÞcant on day 1 (Bti: F 1, 184 ϭ 5.38, P ϭ 0.0215; and Btt: F 1, 183 ϭ 4.22, P ϭ 0.0414) and day 2 (Btt: F 1, 92 ϭ 5.04; P ϭ 0.0271); therefore, data of the two termite colony groups were analyzed separately. On day 1, for both the two termite colony groups, mean diameters of Bti or Btt colonies from the smallest to the greatest were: 50-termite Ͻ25-termite Ͻ10-termite Ͻ control (Table 1, 2) . Bti or Btt colony diameters in the treatments containing termites were signiÞcantly smaller than in the controls. The diameters in the 50-termite treatment were signiÞcantly smaller than in the 10-termite treatment, but neither of these were signiÞcantly different from the 25-termite treatment (Bti: F 3, 92 ϭ 48.29, P Ͻ 0.0001 for termite colony 1; and F 3, 92 ϭ 31.17, P Ͻ 0.0001 for Table 2 ). By day 2 the edge of Bti colonies became unclear in the 50-termite treatment (Fig. 2) . The diameters of Bti colonies in the 25-and 10-termite treatments were similar but signiÞcantly smaller than in the controls (F 2, 69 ϭ 324.91, P Ͻ 0.0001 for termite colony 1; and F 2, 69 ϭ 420.57, P Ͻ 0.0001 for termite colony 2; Table 1 ). The Btt edge in 25 and 50 termite densities also became unclear on day 2 (Fig.   2 ). Btt colonies exposed to 10 termites were signiÞ-cantly smaller than the controls (t 46 ϭ 29.69, P Ͻ 0.0001 for termite colony 1; and t 46 ϭ 17.36, P Ͻ 0.0001 for termite colony 2; Table 2 ). Viability of Bti and Btt Colonies Exposed to C. formosanus. All test plates showed regeneration on day 1 (Table 3) . On day 5, inhibitory zones were observed in treatments containing termites; unclear edges of these inhibitory zones were observed in the 25-and 50-termite treatments (Bti and Btt) (Fig. 2) . The viability test showed that both Bti and Btt regenerated on test plates after transfer from the 25-and 10-termite treatments as did controls, but all of six test plates in the 50-termite treatment showed no regeneration of Bti or Btt (Table 3) .
Antagonistic Effect of Termite Associated Bacteria to Bti and Btt. Four of Þve bacteria strains collected from treatments containing termite were found to be antagonistic to Bti and Btt. They were identiÞed as Lysinibacillus sphaericus (Meyer and Neide) (also known as Bacillus sphaericus), Serratia marcescens Bizio, Cedecea davisae Davis, and Pseudomonas aeruginosa (Schroeter) Migula (Table 4) . L. sphaericus resulted in irregular shaped inhibitory zones, while the other three bacteria strains resulted in circular inhibitory zones. No inhibitory zone was observed in the controls (Fig. 3A) . For Bti smear plates, mean diameters of inhibitory zones were: L. sphaericus (21.56 mm) Ͼ P. aeruginosa (17.75 mm) Ͼ S. marcescens (14.29 mm) Ͼ C. davisae (9.48 mm) (Fig. 3B) . Mean diameters of inhibitory zones in Btt smear plates were: P. aeruginosa (15.99 mm) Ͼ L. sphaericus (14.94 mm) Ͼ S. marcescens (10.75 mm) Ͼ C. davisae (8.80 mm) (Fig. 3C) .
Discussion
Even the smallest termite group (n ϭ 10) suppressed the growth of Bti and Btt on LB medium. Moreover, this suppression effect was enhanced with increased of group sizes of C. formosanus. Some researchers have shown that group living is essential for disease resistance in termites. For example, Traniello et al. (2002) reported that, when in groups, Z. angusticollis has higher survivorship after exposure to the entomopathogenic fungus Metarhizium anisopliae (Metschnikoff) Sorokin and its ability to develop immunity was enhanced. Calleri et al. (2010) also found that compared with isolated termites, Incisitermes schwarzi Banks nesting in groups of 10 or 25 had signiÞcantly lower mortality when exposed to M. anisopliae.
Our study showed that group living not only contributes to the "passive" disease resistance of termites, but also to their "initiative" suppression of microbial pathogens. As a subterranean species, C. formosanus lives in humid and moist environments that favor growth of microorganisms; therefore, they are under high risk of exposure to various pathogens , Jayasimha and Henderson 2007a , Husseneder et al. 2010a , Gautam and Henderson 2011b . Also, C. formosanus is well known for its large colony size (Su and Scheffrahn 1988 , Gautam and Henderson 2008 , Henderson 2008 , Rust and Su 2012 . Su and Scheffrahn (1988) estimated that foraging population of C. formosanus can reach to several millions per colony. Based on our results, it is suggested that C. formosanus may beneÞt greatly from its large colony size by suppressing microbial pathogens in the natural environment, and reducing disease risk.
The importance of bacterial communities on pathogen resistance has been studied in many insects. For example, Dillon et al. (2005) found that gut bacteria of the desert locust Schistocerca gregaria Forskal can signiÞcantly decrease the density of the pathogenic bacterium S. marcescens. Likewise, Yoshiyama and Kimura (2009) reported that bacteria isolated from the digestive tract of the Japanese honey bee, Apis cerana japonica Takeuchi, suppressed Paenibacillus larvae (White), the causal agent of American foulbrood. Mattoso et al. (2011) found that bacteria on the cuticle of leafcutting ant, Acromyrmex subterraneus Forel, signiÞcantly reduced the susceptibility of worker ants to infection of M. anisopliae.
It is also well established that bacteria communities have complex coevolutionary history and are important for termites (Warnecke et al. 2007 , Hongoh et al. 2008 , Ohkuma 2008 , Noda et al. 2009 , Strassert et al. 2010 , Rosengaus et al. 2011 , Schauer et al. 2012 . The bacterial load on the cuticle and in the gut of C. formosanus was investigated using molecular and culture-dependent methods by Shinzato et al. (2005) , Adams and Boopathy (2005) , , 2009 , 2010a , 2010b ), and Xiang et al. (2012 . Although termite bacterial pathogens has not been fully studied, Matsui et al. (2012) found that one termite gut bacteria strain, CA1, which belong to the genera Strep- tomyces, can produce antibiotics that attack grampositive bacteria including Bacillus spp.
Interestingly, the three antagonistic bacteria tested, S. marcescens, P. aeruginosa, and L. sphaericus, are known termite pathogens (Khan et al. 1992 , Culliney and Grace 2000 , Sindhu et al. 2011 ). Adams and Boopathy (2005) reported that S. marcescens may contribute to creating anaerobic conditions in the gut of C. formosanus, thus beneÞting digestion of cellulose. L. sphaericus also is involved with the degradation of lignin monomers and hemicellulose in the gut of many termites (Schäfer et al. 1996 , Kuhnigk and Kö nig 1997 , Kö nig 2006 ). Another bacterium in our study, C. davisae, showed a weak antagonistic effect on Bti and Btt. Although this bacterium was found in cockroaches (Chaichanawongsaroj et al. 2004) , its relationship with C. formosanus is unknown. Because only Þve dominant bacteria strains were isolated from inhibitory zones in this study, experiments for the further screening of antagonistic bacteria that are directly isolated from cuticle or gut of C. formosanus is needed. In addition, a comparison between defaunated and untreated termites in suppressing entomopathogenic bacteria would likely provide more information for the antagonistic effect of termite symbionts under in vivo conditions.
It is possible that the immune responses and antimicrobial molecules synthesized by C. formosanus may also be responsible for the suppression for of Bti and Btt. Hussain and Wen (2012) reported that cell-free homogenates of C. formosanus previously exposed to Staphylococcus aureus Rosenbach, Ralstonia solanacearum Smith, or B. thuringiensis showed an inhibitory effect on the growth of each bacterium, indicating an induced immune defense by C. formosanus. Antimicrobial peptides or enzymes have also been identiÞed from termites. For example, Lee et al. (2003) identiÞed a termite-derived antimicrobial peptide, spinigerin, which can work against both gram-negative and gram-positive bacteria. Termicin, another antimicrobial peptide, was identiÞed in Pseudacanthotermes spiniger Sjostedt, Odontotermes formosanus Shiraki, Macrotermes barneyi Light, and R. chinensis Snyder (Da et al. 2003 , Bulmer and Crozier 2004 , Xu 2009 ). Matsuura et al. (2007) found that a 14.5 kDa protein, lysozyme, which is expressed in salivary glands and eggs of R. speratus Kolbe, protected eggs from gram-positive bacterial infection. Because genes encoding these peptides or enzymes are highly conserved among species, their homologous gene products in C. formosanus may also play a role in Bti and Btt suppression.
Although group sized dependent suppression of Bti and Btt was observed, it is premature to draw a conclusion that these bacteria cannot be used in termite control. Combining pesticides or biosynthesis inhibitors with pathogens may weaken termites and increase their susceptibility to pathogens , Grace 2003 . Modern molecular technologies also give promise to extend the application of entomopathogenic bacteria. For example, Husseneder and Grace (2005) , Zhao et al. (2008) , and Zhang et al. (2010) developed methods to transform and express foreign genes in natural bacteria living in the gut of C. formosanus. Genes encoded bacterial toxins such as Cry and Vip proteins of B. thuringiensis can be an abundant source of candidate genes delivered to termite colonies.
Our bioassay provided a simple method to study the interaction among termites, their associated bacteria, and entomopathogens. In future, we suggest using this bioassay as a standard step to determine if termites and their associated bacteria have inhibitory effects on biological control agents.
